Precession X-ray films were scanned with a rotating-drum microdensitometer. It is necessary to correct for non-linearity between the scanner input and output. Reliability factors for estimating the precision of scanner measurements are compared. The values of the symmetry-averaged reliability factor, Rsm, vary between 3-9 and 12% and depend strongly on the quality of films, while the values of the scanning reproducibility factor, Rrept (3"5--4%), and the film-scaling reliability factor, Rsc,~e (4.5-5"5 %), depend more on the quality of scanner software and electronics than on films.
Introduction
Though film scanners have become widely used in Xray crystallography laboratories (Abrahamsson, 1966; Arndt, Crowther & Mallet, 1968; Xuong, 1969; Werner, 1969 Werner, , 1970 Nockolds & Kretsinger, 1970; Matthews, Klopfenstein & Colman, 1972) , the software and hardware employed vary widely. Both the lack of agreement in defining the reliability factors and difficulty in calibrating the scanners make the comparison of precision of data collected in various laboratories difficult. This paper describes a method of correction for non-linearity of both film and scanner. Various reliability factors that are useful to appraise the precision of the scanner are defined and their relative usefulness compared.
Instrument and materials
An Optronics P-1000 film scanner* has been interfaced to the PDP-8/I small computer with 8192 12-bit words of core memory, and the scanner output was processed on-line. X-ray photographs densitometered in the present study include a pack of two hOl zone thermolysin photographs, precession angle 12 °, exposure time 15 h, taken with an Elliott rotating anode as an X-ray source. These were kindly provided by Dr B. Matthews. A number of films were prepared in this laboratory. These consisted of hOl zone photographs of hen-egg lysozyme crystals and hkO photographs of rabbit muscle aldolase, precession angle 12 °, exposure time 24 h, with a Cu Philips fine-focus tube as X-ray source. All films processed in this laboratory were developed in standardized conditions: temperature 20°C, fresh developer, development time 5 rain, stop bath 30 s, fixing 10 min, washing 2 h.
The scanner was calibrated with Kodak Wratten filters 96, OD = 1.0 and 2.0, according to a procedure * Optronics International Inc., 7 Stuart Road, Chelmsford, Massachusetts, U.S.A. suggested by an Optronics memo.]" With light passing through either filter, the logarithmic amplifier output was adjusted until the digital output of the scanner read the values predicted from current settings of the optical density switch. Wratten filters with OD=0.1, 0.3, 0.5, 1-0 and 2.0 were used for testing of the scanner.
Standard-exposure films, consisting of series of multiple 2 ° Weissenberg photographs of a large crystal of an organic substance, were prepared with the cassette advanced 5 mm between consecutive exposures. Exposure time was varied between 30 s and 15 rain and optical densities of diffraction spots covered a range between 0.3 and 2.9. Two standard films were made, one with Ilford Industrial G and the other with Kodak No-screen film. The diffraction spots were large enough to exhibit a 0.3 ×0.3 mm plateau of constant optical density.
Deviations of scanner output from linearity
Scanner output may not be a linear function of the number of photons for two reasons: non-linearity of films and non-linearity of the scanner itself. While the non-linearity of X-ray films is a well known factor, it has been generally assumed that the scanner itself is linear in its working range. The linearity of the scanner has been checked by scanning a number of Wratten filters, single or in combinations of two. The linearity of the combined film-scanner system was checked by using Ilford and Kodak films with diffraction spots of known exposure times. All of these materials were repeatedly scanned under computer control. The results are summarized in Fig. 1 . The marked nonlinearity of both scanner and film-scanner system is apparent from this Figure. The characteristic curve of the scanner output alone (dashed) is sigmoidal in shape. If the scanner were linear, the characteristic curve for the scanner-film system would be expected to t Test and calibration procedure for optical density, Optronics Inc., received from the company on request. be parabolic (Morimoto & Uyeda, 1963) , but the solid curves of Fig. 1 cannot be adequately approximated by a parabola. Only the regions of characteristic curves at high optical density have parabolic shape; the whole curves are sigmoidal.
Since the sigmoidal character of our film-scanner output persisted even after several attempts had been made to correct it by modifying the electronics of the instrument, it was necessary that corrections for the non-linearity be calculated and applied. This was done during on-line data processing. Each density point transmitted by the scanner was corrected with reference to a look-up table. In the calculation of the tables, the characteristic curves for each film were approximated by higher-order polynomials (usually ninth order gave a close enough approximation). Separate tables were prepared for Ilford and Kodak films. This procedure allows the utilization of reflection data with apparent optical density as high as OD=2.6.
Precision of data
Although the best test of the accuracy of crystallographic data is the quality of the final electron-density map, it is necessary that the validity of the data be assessed long before such maps are calculated. Three tests are customarily performed to ascertain the quality of scanner output. They include calculations of the symmetry-averaged reliability factor (Rsym) , film-scaling reliability factor (R,ca~e) and scanning reproducibility factor (Rreot). Unfortunately these factors are defined in different ways in the scanner literature, making the comparison of data from different sources difficult.
R~y m is a reliability factor obtained when symmetrically equivalent parts of a single film are scaled together. It has been defined by Arndt et al. (1968) and quoted by Matthews et al. (1972) as Rsym=Ylli(h)l(h)l/~li(h), where i(h) is the mean observed intensity of symmetry-related reflections. This definition does not make it obvious that the summation is taken over all symmetry-related parts of the film. This is stressed if a different notation is used, without redefining the factor itself:
where i is a number of equivalent zones on the film and h is a set of unique indices left after averaging has been performed. R~ca~. can be calculated when the intensities derived from two films from a single pack are scaled together. This reliability factor has been defined in at least three different ways. Xuong (1969) defines it as Rscale = [~{l~(h)-kI2(h)}2/~It(h)2] L'z where the l(h)'s are intensities of corresponding reflections, It(h) on weaker film, I2(h) on stronger film, k is the computed scale factor between films and the h summation is carried over all reflections measured on both films. Nockolds & Kretsinger (1970) Matthews et al. (1972) defined it as Rs~,,o=7.1il(h)-ki2(h)l/~lt(h), where it and/2 were symmetry-averaged intensities on the stronger and weaker films respectively. It has to be pointed out that the numerical value of Rseal e calculated according to the second definition is about half of the value calculated according to the third, while the results calculated according to the first definition cannot be directly compared with the other two.
defined the same factor as Rscale= Y lll(h)-klz(h)l/Y.[It(h) + kI2(h)], while
Since it is customary to include values of only one function or average in the denominator of different reliability factors, an expression similar to that defined by Matthews may be consistent with this custom. One change can be suggested, namely using all intensities rather than averaged intensities for the purpose of calculating Rscal e. While the Rscal e factor calculated for scaling of lysozyme and thermolysin films by using Matthews's formula and alternatively calculated with Rscal e defined as lit(h)-kl2(h)l , = h .... E.t,(h ) , h where summation is carried over all reflections common to both films, did not considerably differ, the latter formula makes Rsca~e independent of the symmetry of the diffraction pattern recorded on the film.
R,ca
The factor Rrept has been defined by Nockolds & Kretsinger (1970) where I(h) are average intensities from two scans and the summation is carried over all reflections observed in both scans. Reliability factors obtained for different films densitometered in this study are summarized in Table 1 . Each factor reflects different aspects in the experiment, and thus has its own usefulness. Rrept is a measure of mechanical and electrical stability of the system, as well as of quality of software calculating the orientation matrix for the film. Films of different quality give very similar values of Rrept in the range of 3.5-4%. The values of Rsym and Rsca~e are influenced by the quality of system software and hardware, but they are also dependent on th~ quality of the films and on the setting of parameters which qualify any given reflection as observed or unobserved. These parameters include differences between the highest intensity within the reflection and background (Matthews et al., 1972) , ratio of peak to background (this study) or both (Nockolds & Kretsinger 1970) . Owing to random variations in local intensities and traces of radiation streaks, almost every unobserved or marginal reflection may appear observed if these rejection parameters are set low enough. It was found that a pair of thermolysin films would scale with Rscale = 10"5 % if 1870 out of a maximum 2074 reflections on the weaker film were observed (minimum peak to background ratio for observed set to 1.01), while Rsca~e would equal 4.5 % if the rejection level was set so that only 439 reflections were observed on the weaker film (minimum peak to background ratio 1.08). Rsym depends to a lesser degree on the settings of rejection level, but was strongly influenced by quality of photographs -increasing from 3.9-4-3% calculated for good films of thermolysin, 5-6% for medium-quality lysozyme, to 10-12% for poor-quality photographs of aldolase. Rsym is also influenced by any misalignment of the crystals. Lysozyme-medium quality 10-12 4.5-5.5 4 Aldolase-poor quality It seems that in the initial stages of system testing and program development Rrept is the most useful reliability factor, being the most susceptible to program errors and system instability. Rsym is a good measure of film quality, while Rsca~e is influenced by any errors in non-linearity correction.
It is strongly urged that standardized definitions of reliability factors be adopted, in order to facilitate comparisons between different reports.
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